Abstract Solid organ pancreas transplantation is a durable treatment for establishing normal blood glucose levels in patients with diabetes. Historically, younger patients with type 1 diabetes have been the primary recipients of pancreas transplants. As surgical techniques and post-operative immunosuppression regimens have continued to improve, indications have expanded such that non-traditional recipients are being evaluated for pancreas transplantation. These recipients include patients with type 2 diabetes, patients older than 50 years of age, and patients with chronic infectious diseases, including HIV and HCV. Despite limited literature in these patient populations, pancreas transplantation is a viable treatment for endocrine pancreas failure in appropriately selected patients, regardless of disease etiology or age. This review summarizes the current literature on pancreas transplantation in non-traditional recipients.
Introduction
Total lifetime exposure to elevated blood glucose levels is the primary risk factor for development of complications in patients with type 1 diabetes mellitus (T1DM). [1] . Hyperglycemia is linked to microvascular disease, including nephropathy, neuropathy, and retinopathy; macrovascular disease, including cardiovascular disease; as well as various other complications. Longitudinal prospective studies have demonstrated that intensive blood glucose control through administration of exogenous insulin reduces the risk of microvascular disease as compared to conventional therapy [1, 2] . However, intensive insulin therapy significantly raises the risk of severe life-threatening hypoglycemia, particularly in individuals with hypoglycemic unawareness. Further, there is a significant expenditure of time associated with intensive insulin therapy that may outstrip the resources of many patients. Solid organ pancreas transplant (PT) provides an alternate and more physiologic therapy. It imparts better glycemic control than intensive insulin therapy without the risk of hypoglycemia, and may reverse some of the microvascular effects of hyperglycemia [1, 3, 4] . It is an invasive procedure, however, with potential for morbidity and mortality.
Indications
Whole-pancreas transplant was first described in 1966, with the first case series of 10 patients published in 1970 [5, 6] . Since that time, more than 35,000 pancreas transplants have been reported to the International Pancreas Transplant Registry (IPTR), the vast majority of which have been performed in the United States [7] . The primary goal of pancreas transplantation is to establish normal blood glucose in patients with labile blood glucose measurements resulting in end-organ damage and/or those who experience hypoglycemic unawareness. Early evidence suggests that secondary end-organ damage may be prevented or reversed [8] . Pancreas transplant for pancreatitis or oncologic disease comprises a small minority of PT recipients, approximately 0.2 % [7] . The most common pancreas transplant procedure is simultaneous pancreaskidney transplantation (SPKT) for patients with T1DM and end-stage renal disease. As these patients will undergo kidney transplant for ESRD, the only additional risk of concurrent pancreas transplantation is the morbidity associated with the operative procedure. Pancreas transplant may also be performed after previous kidney transplant (PAKT), with the morbidity of the surgical procedure as well as the risk of injury or early graft loss of the previously transplanted kidney [9] . Finally, pancreas transplant alone (PTA) is offered to T1DM patients who have failed intensive insulin therapy, have labile blood glucose levels, and who experience hypoglycemic unawareness. Approximately 75 % of pancreas transplants performed to date have been SPKT, with another 18 % PAKT and 7 % PTA [10] .
Pancreas Transplantation for Type 2 Diabetes Mellitus
T1DM is characterized by autoimmune destruction of the insulin-producing β cells of the pancreas [11] . The loss of β cell mass is marked clinically by glucose intolerance at an early age, with development of ketosis and biologically low or undetectable levels of C-peptide, a cleavage product derived from the conversion of proinsulin to insulin (Table 1 ). In comparison, type 2 diabetes mellitus (T2DM) is a complex multifactorial disease, without an autoimmune component, which results from progressive insulin resistance, usually at a later age (>40 years old). T2DM patients generally to do not develop ketosis, can be managed initially without insulin, and often have preserved β cell function well past the development of clinical disease. Similar to T1DM, poor glucose control in T2DM is linked to microvascular and macrovascular disease. For patients with T2DM, various studies have demonstrated that intensive blood glucose management through administration of exogenous insulin, sulphonylureas, or metformin reduces the risk of microvascular and macrovascular disease as compared to conventional therapy [12, 13] .
The classic phenotypes of T1DM and T2DM patients are generally easily recognized by clinicians. However, there are a significant number of T2DM patients with accelerated disease who present at a young age with evidence of end-organ damage and progress directly to insulin therapy [14] . Over time, many patients with T2DM develop β cell "burnout" and become metabolically indistinguishable from type 1 diabetics. Historically, pancreas transplantation has been considered a treatment modality for T1DM. As a result of the complex genetics of T2DM, many in the transplant community have been hesitant to transplant T2DM patients due to concern that the underlying insulin resistance will lead to early graft failure. Many pancreas transplant recipients were initially assumed to have T1DM, but were later determined to have T2DM, often by the presence of elevated C-peptide levels. These patients have provided an opportunity to compare outcomes and to determine whether patients with T2DM are at higher risk of death or graft failure. Light et al. identified a small subset of SPKT recipients with ESRD and DM with high C-peptide levels (>1.37 ng/mL in the initial study, >0.8 ng/mL in followup data). Retrospective analysis demonstrated no significant differences in allograft (pancreas and kidney) and patient survival out to 10 years, as compared to patients with low Cpeptide levels [15] [16] [17] . However, Singh et al. demonstrated worse patient survival but equivalent graft survival in SPKT recipients with T2DM (C-peptide >2.0 ng/mL) versus T1DM (<2.0 ng/mL) at the time of transplant [18] .
The use of C-peptide to differentiate between T1DM and T2DM is controversial. C-peptide is primarily catabolized by the kidney, thus rendering its use as sole diagnostic marker perhaps flawed in patients with ESRD [19] . Nath et al. analyzed all pancreas transplants performed at their institution over an eight-year period, using clinical criteria to distinguish between T1DM and T2DM recipients [20] . During a mean follow-up period of 4.3 years post-transplant, the majority of recipients with T2DM remained euglycemic without requiring insulin therapy. Sampaio et al. performed a retrospective analysis using the United Network for Organ Sharing (UNOS) database to analyze outcomes of all SPK transplants for both T1DM and T2DM recipients from 2000-2007 (n=6,756 total; type 2: n=582) [21] . The definition of diabetes type was abstracted from the SPKT registration form and the diagnosis codes for etiology of end-stage pancreas disease, both of which may or may not rely on metabolic parameters. Unadjusted patient and kidney allograft survival were inferior in T2DM as compared to T1DM controls, but after adjusting for confounding variables, the etiology of diabetes was not an independent risk factor for mortality or graft failure at five years. In T2DM recipients, older age and longer duration of pre-transplant dialysis were associated with higher risk of death. Elevated BMI was associated with increased risk for pancreas allograft failure, which suggested to the authors that elevated BMI is marker of metabolic syndrome, which is accompanied by a more persistent insulin resistance as well as a prothrombotic state [22] . [20, 62] An accompanying editorial to the Sampaio article endorses SPKT for all patients with uremia and diabetes who are treated with insulin therapy, regardless of C-peptide levels or diabetes classification [23] . The authors of the editorial also note the relatively recent changes in the pancreas allocation system that were approved by the UNOS board in 2010. These defined T2DM patients eligible for pancreas transplant as those who receive insulin therapy and have C-peptide levels <2 ng/mL or those who require insulin for poor glycemic control and have C-peptide levels >2 ng/mL and BMI <28 kg/m2. The BMI cutoff may be adjusted up to a maximum of 30 kg/m2 to keep the proportion of T2DM patients on the SPKT waiting list between 10 % and 15 % of the total.
This raises an important and interesting question. As outcomes for SPKT have improved, it has become the optimal treatment for ESRD patients with diabetes. As such, in most donor service areas, SPKT has been prioritized so that candidates are given priority over DDRT (deceased-donor renal transplant) candidates when appropriate kidney-pancreas donors are identified, further reducing the already shorter waiting times for SPKT than DDRT. Although this primarily affects T1DM patients with ESRD, the recognition that T2DM patients with ESRD also benefit from SPKT raises the potential for expansion of the numbers of T2DM patients on the SPKT waiting list. The most recently published data from the International Pancreas Transplant Registry (IPTR) indicates that approximately 7 % of all pancreas transplants performed are for patients with T2DM [7] . At the time of transplantation, these patients tend to be older and have greater BMIs than patients with T1DM, factors that are associated with increased patient mortality and pancreas allograft failure, respectively [21] .
Given this concern, Wiseman and Gralla investigated whether SPKT actually holds benefits over DDRT for ESRD patients with T2DM [24•] . The retrospective study analyzed five-year outcomes of all adult kidney recipients, including SPKT, registered in the Scientific Registry of Transplant Recipients (SRTR) over an eight-year period. Exclusion criteria included extremes of age (<18 or >59 years) and BMI (<18 kg/m2 or >30 kg/m2) or prior transplantation. Livingdonor renal transplant (LDRT) is the optimal treatment for any patient requiring renal transplant. This is in contrast to studies that show equivalent outcomes for SPKT and LDRT for T1DM patients with ESRD [25, 26] . Unadjusted analysis demonstrates a survival benefit for patients receiving SPKT versus DDRT that does not persist in multivariate analysis. The authors suggest that the benefit is secondary to the inherent factors in this group (younger donor age, younger recipient age, shorter waiting time, etc.) rather than the pancreas transplant itself, but do acknowledge that long-term improved glycemic control potentially holds benefits for SPKT recipients that are not well-measured in the study, including avoidance of other end-organ damage. The authors conclude that SPKT is a viable option for selected ESRD patients with T2DM who do not have a potential living donor.
Finally, bariatric surgery is an increasingly popular and effective option for weight loss for obese patients [27] , andhas the added benefit of potentially preventing and ameliorating T2DM in a significant percentage of patients [28, 29] . A growing number of patients with ESRD are obese, and obesity has been shown to be an important modifiable risk factor that influences patient survival following renal transplantation [30, 31] . A recent retrospective study utilizing the National Surgical Quality Improvement Program (NSQIP) database from the Emory Transplant and Bariatric Centers explored the effect of chronic kidney disease (CKD) on bariatric surgery outcomes [32] . Multivariate analysis revealed that increasing CKD stage predicts higher complication rates in a linear fashion, even after controlling for other comorbid conditions such as DM and HTN. However, there is also data suggesting that elevated BMI is protective for dialysis patients and that weight loss during candidate listing has no effect on long-term posttransplant outcomes [33, 34] . Bariatric surgery as a bridge to renal transplantation for obese patients has been described, although never rigorously studied [35] . The durability of bariatric surgery as compared to pancreas transplantation as a definitive treatment for T2DM is still an unknown entity. As such, staged bariatric surgery and renal transplantation, with or without pancreas transplantation, may be of further interest to the transplant community but need to be better characterized [36] .
Older Recipients
Donor age is a well-defined risk factor that influences outcomes following pancreas transplantation, particularly SPKT [37] [38] [39] [40] . Donor age >45 years has been associated with poor outcomes, particularly in graft function and post-transplant glycemic control. Recipient age is a similarly important variable that influences patient and graft survival, with some data suggesting that SPKT is most beneficial in recipients <40 years of age as compared to 41-50 and >50 years of age [41] [42] [43] . Despite these findings, the average age of pancreas transplant recipients has been increasing across all types of pancreas transplants, which may reflect the success of intensive medical therapy in prolonging survival [7] . From 2006-2010, approximately 40 % of SPKT recipients, 45 % of PAK recipients, and 38 % of PTA recipients were 45 years or older. In contrast, only 7 % of SPKT recipients, 5 % of PAK recipients, and 13 % of PTA recipients were younger than 30 years. Of the recipients over 60 years of age (2 % of total), the majority (63 %) received SPKT.
Finger et. al developed a composite risk model to predict technical failure in pancreas transplantation based on a retrospective review of all pancreas transplants (n=1,115) at a single institution over a 13-year period [44] . Donor age (>50) plays an important predictive role for technical failure, but recipient age does not, although it is unclear how it was measured in their analysis. In another single-institution analysis directly addressing the effect of recipient age on posttransplant outcome, Shah et al. examined all of the pancreas transplants (n=405) over an eight-year period [45•] . Of the total, 64 % occurred in patients older than 40 and 25 % in patients older than 50. Analysis of outcomes stratified by recipient age decade (<30, 30-39, 40-49, 50-59, >60 ) demonstrated similar short-term (7-and 90-day) pancreas graft survival and equivalent one-year patient survival, as well as pancreas and kidney allograft survival. Regression analysis demonstrated a trend toward worse five-year patient survival with increasing recipient age, although survival was still excellent in the oldest groups (84 %).
Interestingly, Shah and coauthors document the worst pancreas allograft survival in the youngest age group (<30 years) and equivalent pancreas allograft survival in all other age groups. In addition, the cause of graft loss varied significantly by age, with younger patients more likely to lose grafts to chronic rejection, whereas older patients were more likely to lose functioning grafts to death. Similar data exist among DDRT recipients, where the oldest recipients have the worst overall survival, but death-censored graft survival improves linearly with recipient age, suggesting either a beneficial immunosuppressive function of age or more aggressive disease in younger patients [46] . Regardless of mechanism, several other small retrospective institutional studies support the conclusion that recipient age is not a primary risk factor for patient mortality or graft failure and that PT in appropriately selected recipients >50 years of age still holds benefits [47, 48] .
Despite these data, there is a growing disparity between pancreas donor availability and demand for appropriate organs that would seem to preclude expansion of the recipient pool to older individuals who have shorter life expectancies [39] . Salvalaggio et al. analyzed the implications of SPKT from old donors on recipient survival and graft longevity, and determined that utilization of a readily available graft from an older donor is superior to long-term waiting, even for younger recipients. These data suggest that there is no absolute contraindication to utilizing organs from older donors and that perhaps age-matching is a potential strategy for increasing both donor and recipient pools. Kayler et al. examined agematching utilizing data from the SRTR to analyze all waitlisted candidates for SPKT over a 15-year period [49] . Transplantation of old-donor organs (here defined as age >40 years) into either old or young recipients was substandard as compared to transplant of young-donor organs (<40 years). However, there was a clear survival benefit for older patients undergoing any SPKT as compared to not receiving a transplant. Further, in patients in organ procurement organizations (OPOs) with long waiting times (>605 days), there is a benefit to accepting an older organ rather than remaining on the waiting list for a younger one. The annual number of pancreas transplants performed has been in recent decline, so long wait times may be of less concern [7] . However, if the indications for transplantation continue to expand, use of non-traditional donors for non-traditional recipients may receive greater attention.
HIV
More than 35 million people are estimated to be infected with the human immunodeficiency virus (HIV), with approximately 10 million of them receiving antiretroviral therapy (ART) [50] . The evidence for pancreas transplantation in individuals with HIV is based solely on case reports. Recent prospective data suggest that renal transplantation for carefully selected patients with well-controlled HIV and ESRD yields high patient and graft survival rates at 1 and 3 years, with no exacerbation of postoperative infectious complications [51] . However, a two-to threefold higher rate of rejection was noted among HIV+ patients as compared to their HIV-counterparts, with approximately 50 % of these episodes being aggressive and glucocorticoid-resistant. The authors speculate that the higher rejection rate may be secondary to difficulty achieving therapeutic but non-toxic levels of immunosuppressants, as well as an inherently altered response to foreign antigen.
Several case reports suggest that SPK is feasible in individuals with HIV, although outcomes are mixed [52] [53] [54] [55] . The largest series of four patients with HIV and ESRD with mean follow-up of 2-5 years revealed that all four patients had complications requiring re-exploration. Three of the four patients had infections associated with their surgical complications, and there was one late pancreatic graft failure. However, all patients had a return to undetectable viral load following reintroduction of retroviral therapy post-transplantation. [53] The primary concerns for solid organ transplant in HIV+ patients include risk of postoperative infectious complications with added immunosuppression, increased renal toxicity with the combination of antiretroviral drugs and nephrotoxic immunosuppressants, and altered cellular-mediated immunity leading to potential increased risk of rejection. The very limited data available to evaluate pancreas transplant suggests that while it is technically feasible, there may be a higher rate of complications and graft failure.
Hepatitis C Virus
In the United States, an estimated 4 million people are hepatitis C virus (HCV) antibody carriers, and 2.7 million of them have viremia [56] . Solid organ transplant in individuals with preexisting HCV infection is linked to worse outcomes and recurrence of HCV, possibly secondary to immunosuppression [57, 58] . Miguel et al. examined the effect of pre-transplant HCV status on SPKT outcomes by analyzing the OPTN/UNOS database for all SPKT occurring over a 13-year period [59] . Of the 10,809 adults receiving primary SPKT, approximately 3 % had preexisting HCV. HCV did not appear to have a significant impact on patient survival or kidney or pancreas allograft survival at 1 year or on patient survival at 5 years. However, among HCV+ recipients, there was a trend toward increased rate of liver failure as compared to HCVrecipients. Ortiz et al. capitalized on these findings to suggest that HCV+ donors may be able to be effectively used for HCV+ recipients, thus broadening the appropriate donor pool [60] . Over an 11-year period, the authors identified only 16 SPKT with HCV+ organs but 694 otherwise ideal HCV+ donors whose pancreata may have been able to be utilized. Data in kidney transplant recipients suggest that the use of HCV+ allografts, often for HCV+ recipients, is associated with increased rates of adverse liver outcomes. However, this strategy can significantly decrease the wait time for an organ, thus adding a counterbalancing survival benefit [61] . Pancreas transplant in the setting of chronic HCV infection in patients with well-compensated liver function appears to have measurable benefits. There is little data to evaluate whether use of HCV+ donors is a safe and effective way of increasing the number of pancreas transplants in this recipient population.
Conclusions
Currently, pancreas transplant continues to be an alternative therapy for patients with T1DM and possibly T2DM in order to establish normal blood glucose levels and potentially reverse and prevent complications secondary to long-term hyperglycemia. Due to excellent short-and long-term outcomes, indications -including patients with T2DM and patients over the age of 50 -continue to expand. However, the number of patients and centers performing transplants is limited, thus making comparisons difficult between the broad application of the limited institutional results from transplanting non-traditional recipients and conventional indications. In light of limited organ supply, careful appraisal of the expanding indications and guidelines for patient selection is needed to ensure that patients with T1DM maintain consistent access, and also that appropriate candidates, regardless of age or disease etiology, are considered for pancreas transplantation.
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